Background and Aims: Pseudomyxoma peritonei (PMP) is characterized by peritoneal tumors arising from a perforated appendiceal adenoma or adenocarcinoma, but associated entry of enteric bacteria in the peritoneum has not been considered as a cofactor. Because Gramnegative organisms can upregulate MUC2 mucin gene expression, we determined whether bacteria were detectable in PMP tissues.
from a perforated appendiceal mucocele, mucinous cystadenoma, or adenocarcinoma, and histopathological criteria have been set forth to differentiate cases with rapid clinical progression from those with a protracted course.
Treatment includes a combination of cytoreductive surgery (resection of the tumor and peritoneal implants) plus intraperitoneal heated chemotherapy. [4] [5] [6] [7] [8] Despite aggressive cytoreduction, the disease frequently relapses and survival at 1-, 5-, and 10-year is 98%, 53%, and 32%, respectively. 9 In nonappendiceal carcinomas, overall survival at 1, 3, and 5 years is even lower at 56%, 25%, and 17%, respectively. 10 Perioperative morbidity and mortality is 30% and 12%, respectively. 8 The rate of relapse is higher in patients with adenocarcinoma, but many patients with benign appendiceal neoplasms succumb to the disease after a prolonged clinical course. 11 The cause of death is recurrent mucoid ascites, proliferation of gelatinous mucin, mechanical compression of abdominal organs, increased abdominal cavity pressure, and concurrent effects on thoracic and vascular compartments.
A consistent hallmark of PMP is the presence of two specific apomucins that have the physicochemical property of a gel state: MUC2 and MU-C5AC. In the normal gastrointestinal tract, MUC2 is present in intestinal goblet cells while MUC5AC predominates in stomach mucus cells. In the precancerous gastric mucosa (intestinal metaplasia) and in gastric cancer, MUC2 replaces MUC5AC, being present in cellular membranes and in the pericellular ground substance. 12 Similarly, specific overexpression of MUC2 compared to MUC5AC was reported in the same locations in PMP of unknown and appendiceal (intestinal) origin. 13 It has been proposed that MUC2 is a specific and reliable molecular marker for the disease, 6, 13, 14 but the cause of MUC2 overexpression is unknown.
In vitro experiments have shown that the MUC2 mucin gene can be upregulated by lipopolysaccharides of Gram-negative organisms, 15 ,16 but we found no previous report of the presence of bacteria in PMP lesions. Since PMP is believed to result from the rupture of an appendiceal tumor into the peritoneum and the disease may present as acute appendicitis, 17, 18 it is possible that enteric bacteria may spread to the peritoneum. Therefore, we investigated whether bacteria can be detected in PMP tissues and determined the level of apomucin expression in the same specimens.
MATERIALS AND METHODS

Patients
The study included archived specimens from 16 patients with the diagnosis of PMP and five patients with noninflamed, nonperforated, non-neoplastic appendices (NNA) resected at the time of gynecologic procedures. NNA specimens were considered to represent controls for normal uninfected peritoneum, intestinal flora and MUC expression. The PMP patients underwent cytoreductive surgery, i.e., peritonectomy with gastrointestinal tract resection as needed to achieve complete or near-complete elimination of PMP tissues. Resection was followed by intraoperative hyperthermic chemotherapy using 40 mg of mitomycin-C in 2-3 L of perfusate. The temperature within the abdominal cavity was maintained between 40°C and 42°C. Specimens used for the present study were 21 archived paraffin blocks of tissue obtained before intestinal resection and, in the case of PMP specimens, before the hyperthermic chemotherapy administration. At the time of cytoreductive surgery, none of the 16 patients had signs of intra-abdominal sepsis (abdominal tenderness, fever, increased white blood cells count) or evidence of intestinal perforation. The studies were approved by the institutional review boards of the participating institutions
Histopathology
Patients with PMP were classified in two groups based on histopathological criteria (ratio of epithelial cells to mucin, epithelial characteristics, atypia, mitotic rate) as described by Ronnett et al. 19 These criteria were used to characterize patients into either the prognostically more favorable category of disseminated peritoneal adenomucinosis (DPAM; N = 6) or the more malignant peritoneal mucinous carcinomatosis (PMCA; N = 10). Investigators were blinded to the histopathological diagnoses (i.e., DPAM and PMCA) when analyzing patient specimens.
In situ hybridization (ISH) studies
Specific DNA probes were designed as follows: (1) probe that hybridizes to a 16S rRNA sequence conserved among 19,973 typed and nonculturable bacteria (TNCB) (including C. jejuni, E. coli, S. enterica, and the commensal E. faecalis), but not to human sequences published on the NCBI web site: (5'-AGC AAA CAG GAT TAG ATA CCC TGG TAG TCC AC-3'); (2) probes specific for H. pylori 16S rRNA (5'-ATT TCA CAC CTG ACT GAC TAT CCC  GCC TAC GCG-3' ) and its virulence factor cagA (5'-CTG CAA AAG ATT GTT TGG CAG A-3'); 20 and (3) probes specific for human MUC2 (5'-TCC AAT GGG AAC ATC AGG ATA CAT GGT GGC-3') and MUC5AC (5'-AGG TGT TGA AGA AGG CCG CAG CGG TGG C-3'). 12 In initial experiments, we used both cRNA and cDNA probes concurrently, and confirmed earlier observations that the two probes can detect the same structures. 12 In addition, we observed (see controls, below) that detection was abolished by RNase, but not DNase, further demonstrating that these probes were specifically targeting mRNA and that the amount of genomic DNA was undetectable. We considered that the cDNA antisense probes could be used in our system and discontinued the use of RNA probes, because they are more susceptible to degradation during storage and handling and also costlier. As an additional control, we routinely included RNase and DNase controls with each run.
Formalin-fixed tissue blocks were sectioned (5 lm) and analyzed as described. 12 In brief, each unstained section was deparaffinized, prehybridized, layered with denatured probe solution, incubated for 18 h, and washed five times with saline citrate solution to remove the unbound probe. Gene expression was detected by incubation for 2 h with anti-digoxigenin antibody-conjugated or streptavidin-conjugated alkaline phosphatase (Roche Diagnostic, Indianapolis, IN) (1:500 dilution in blocking immuno-Tris buffer). After washing, bound alkaline phosphatase was detected by covering the slides with a chromogenic substrate (nitro-blue-tetrazolium, NBT/BCIP kit; Vector Labs, Burlingame, CA), counterstaining with Nuclear Fast Red, dehydration, clearing in xylene, air drying and mounting with permount. H. pylori 16S rRNA was detected using Biotin-AP and is visible in blue. Serial sections were also processed and viewed under bright light as follows: first section: detection of H. pylori 16S rRNA (blue); second section: dual reaction for TNCB 16S rRNA [blue if biotin-AP or red if digoxigenin-AP-red substrate kit (Vector) or brown if digoxigenin-peroxidase-3',3-diaminobenzidine (DAB)].
For the fluorescence in situ hybridization (FISH) dual method, the hybridization mixture contained both a biotin-labeled probe recognizing H. pylori 16S rRNA or MUC5AC and a digoxigenin-labeled probe recognizing cagA or MUC2. After incubation as described above, the slides were covered with the following three layers: 12 first layer: 1 lL avidin-Texas red + 1.5 lL mouse monoclonal anti-digoxigenin; second layer: 10 lL biotin-anti-avidin + 1 lL rabbit anti-mouse-IgG-fluorescein isothiocyanate (FITC) conjugated; third layer: 1 lL avidin-Texas red + 10 lL monoclonal anti-rabbit-FITC conjugated. All antibodies were prepared in 1 mL of blocking solution. After each antibody layer, slides were incubated for 30 min at 37°C in a humid chamber and washed three times for 5 min each. After air-drying, the sections were mounted in Vectashield (Vector Labs, Burlingame, CA).
Control for nonspecific binding included: 12 (1) sense probe instead of antisense probe; (2) hybridization buffer instead of the antisense probe; (3) unlabeled antisense probe; (4) digoxigenin or biotinlabeled probe for a sequence completely unrelated to man and prokaryotes, the scorpion Buthus martensi Karsch neurotoxin sequence [5'-GGC CAC GCG TCG ACT AGT AC-3']; 21 (5) RNase A pretreatment (Roche); (6) DNase I pretreatment (Roche); and (7) RNase + DNase I pretreatment.
Morphometric Analysis 12
Tissues were analyzed randomly and blindly regardless of category. The number of bacterial clusters expressing mRNA was quantified at 400· magnification in three randomly selected fields of view according to a modification of the pointcounting stereological method and using an intraocular reticle of 27-mm diameter, covering 3578 lm 2 (i.e., 17,892 lm 3 for 5-lm-thick sections; Kr409, Klarman Rulings). 12 All data were expressed as mean ± standard error on the mean (SEM) number of bacteria per 10 6 lm 3 (representing an imaginary cube with sides of 100 lm or 0.1 mm). MUC2 and MUC5AC expression was determined as the volumetric density of apomucin (Vvi/10 4 lm 3 ). Counts were made in four selected histopathological compartments: (1) abnormal neoplastic epithelia, (2) inflammatory cells, (3) stroma (including blood vessels), and (4) free mucoid (present only in PMP). An Eclipse E 800 Nikon microscope and a digital camera (QCapture, Micropublisher 5.0, Burnaby, BC, Canada) were used for analysis and reproduction, respectively.
Transmission Electron Microscopy
Surgical specimens measuring 3 · 3 mm from one patient with PMCA were fixed overnight at 4°C in 2.5% glutaraldehyde in 0.1 M phosphate buffered saline (PBS) pH 7.3, post-fixed for 1 h at 4°C in 1% OsO4, and dehydrated in a graded series of increasing ethanol concentrations and embedded at 70°C for 12 h in Spurr low-viscosity epoxy in flat molds. Semithin 0.5 lm sections were stained with 1% toluidine blue. Thin sections (500-700 Å ) were kept on square mesh nickel (300 mesh), thin bar, high-definition grids, and subjected to post-embedding immunogold reaction. [22] [23] [24] Immunogold: For antigen retrieval (antigen unmasking), grids were incubated in a humid chamber with a saturated aqueous solution of sodium metaperiodate, 1 h at RT, followed by heating on 0.01 M sodium citrate pH 6.0 for 10 min at 95°C. 25 Sections were then washed and incubated for 30 min at RT with a blocking solution of 1% bovine serum albumin (BSA) in 0.1M phosphate buffer saline (PBS), with 0.05% Tween 20. Sections were then incubated for 90 min at RT with H. pylori-rabbit polyclonal first antibody (NeoMarkers, Fremont, CA), diluted at 1:500, followed by 2 h incubation at RT with a second 18 nm colloidal gold-affinity pure goat anti-rabbit IgG (H + L) antibody (Jackson ImmunoResearch, West Grove, PA), diluted 1:25 in deionized diethylpyrocarbonate (DEPC)-treated water. After washing, sections were stained with uranyl acetate in distilled water for 20 min. Control of method was performed using PBS instead of the first antibody. Sections were analyzed in a Philips CM100 transmission electron microscope at 80 kV (Biomedical Instrumentation Center, USUHS) and images were captured using a Spot Insight, monochrome digital 4 MP camera (Diagnostic Instruments, Inc., Sterling Heights, MI).
Statistical Analysis
Statistical significance was determined using oneway analysis of variance, followed by Tukey's post hoc tests to compare NNA versus DPAM versus PMCA in each cell of the tables. For example, for TNCB in epithelia, there were three comparisons:
NNA versus DPAM, NNA versus PMCA, and DPAM versus PMCA. For the regression analysis, Bonferroni adjustment to the p-values associated with correlation coefficients was performed. Values were expressed as mean ± SEM.
RESULTS
Histopathology
In the non-neoplastic, nonperforated mucosae of control patients, secretory mucus epithelial cells contained mucigen granules that emerged as mucus in the glandular lumen through exocytosis. Only a small amount of luminal mucus was visible, close to the apical part of the cells. The submucosa was composed exclusively of large lymphoid aggregates with a few neutrophils.
Six of the PMP patients had histological features of DPAM, characterized by peritoneal lesions composed of thick, dense, and abundant extracellular mucin and scant, simple to focally proliferative, mucinous epithelium with little cytological atypia or mitotic activity, with or without associated appendiceal mucinous adenoma.
Ten patients met histopathological criteria for PMCA, which was characterized by peritoneal lesions composed of more abundant mucus and mucinous epithelium with the architectural and cytological features of carcinoma, presence of goblet cell, infiltrating neoplastic pleomorphic cells, and adherent abnormal cells within desmoplastic stroma. DPAM specimens were characterized by the presence of (1) multilobulated polypoid gelatinous masses lined by mucus-secreting epithelial cells and containing vessels and associated erythrocytes (Fig. 1A) ; and (2) inflammatory cells including neutrophils, lymphocytes, plasma cells and macrophages (Fig. 1C) . PMCA was characterized by the presence of invasive adenocarcinoma ( Fig. 2A) with signet ring cells, and glands lined by mucus-secreting goblet cells (Fig. 1B) , in addition to more abundant gelatinous masses. In specimens of both groups, there was also accumulation of adipose tissue consisting of adipocytes with a large fat droplet occupying most of the cytoplasm and displacing the nucleus to one side of the cell.
Bacterial infection by in situ hybridization (ISH) and FISH (Figs. 2 and 3A-G) In the non-neoplastic appendix, the 16S rRNA of TNCB was expressed in the superficial mucus, inside epithelial and inflammatory cells, and in the lamina propria, but not in the peritoneal surface of the appendix. H. pylori was detected in only two of the five patients, and bacterial density was very low in those two patients.
In DPAM, 16S rRNA was detected inside epithelial cells including goblet cells, in dilated capillaries between smooth muscle cells in the network of the connective tissue of the tunica media (Fig. 2C , TNCB, arrow), between erythrocytes (insert of Fig. 2C , TNCB), and associated with inflammatory cells. H. pylori was detected in all patients, but the density was lower than for TNCB. The density of the bacteria was not significantly different in DPAM versus non-neoplastic appendix specimens (Table 1) .
In peritoneal mucinous carcinomatosis (PMCA), 16S rRNA of TNCB was detected ( Fig. 2A, solid arrow) in close association with malignant signet ring cells ( Fig. 2A , dashed arrow pointing at two signet cells), in lymphoid aggregates, inside goblet cells (Fig. 2B , TNCB, arrow), attached to stromal cells (Fig. 2D) , and in the lumen of capillaries. H. pylori 16S rRNA was particularly high in the free apomucin (Fig. 3A) , in the cytoplasm of columnar mucussecreting cells (Fig. 3B) , inside goblet cells (Fig. 3C) , and in the lumen of capillaries (Fig. 3D) . When compared to NNA, PMCA specimens had a higher TNCB density in all regions (Table 1 ; p < 0.05). When compared to DPAM, however, TNCB density was significantly higher only in lymphoid aggregates and in the stroma (Table 1 ; p < 0.05). H. pylori density was higher in PMCA than in NNA and DPAM only in the epithelial cells (Table 1 ; p < 0.05).
By FISH, H. pylori 16S rRNA and virulence factor cagA were coexpressed by 81% of the bacteria on the apical membrane and in the cytoplasm of malignant epithelium (Fig. 3E-G) . (Fig. 4) Pools of mucin with floating islands of malignant epithelium were observed dissecting through the desmoplastic muscularis propria in the specimens from a patient with PMCA. In addition, columnar epithelial cells were mixed with luminal bacterial aggregates of diverse shapes. Some of the bacteria measured 2.5-3 lm in diameter and were identified as H. pylori by labeling with specific anti-H. pylori polyclonal antibody and immunogold (Fig. 4C ). Bacteria were clustered in the extracellular matrix of connective tissue close to epithelial cells, embedded in ground substance or surrounded by bundles of collagen. Immunogold reaction showed groups of particles mostly in the bacterial cytoplasm and in smaller amount on flagellae.
Transmission Electron Microscopy
Mucin Expression (Fig. 3H-J) In NNA, MUC2 expression was low and mostly limited to inflammatory cells of the lymphoid aggregates whereas MUC5AC expression was high and localized to the cytoplasm of epithelial mucus secretory cells.
In DPAM, MUC2 expression was high in the mucigen granules of goblet cells, in the striated luminal surface (brush border) of absorptive intestinal cells, and in the free mucin. MUC2 expression was low in lymphoid aggregates and the stroma, and was absent from the mucus pools in areas of mucus accumulation. MUC5AC was highly expressed in the lymphoid aggregates, especially in the dense connective tissue surrounding inflammatory and smoothmuscle cells as well as collagen-rich areas surrounding fibroblasts, in the cytoplasm of inflammatory and epithelial cells, and in the stroma. When compared to the NNA specimens, MUC5AC expression was significantly lower in the epithelia and higher in the lymphoid aggregates (p < 0.05; Table 2 ).
In PMCA, strong MUC2 expression was observed in free mucin, epithelial and inflammatory cells of the lymphoid aggregates, and connective tissue surrounding vessels of the stroma. MUC5AC expression was lower and localized to inflammatory cells, although small amounts were also seen in the epithelial cells, the stroma, and the basal lamina surrounding the mucin accumulations. When compared to the NNA epithelia, MUC2 expression was higher in all the tissues and MUC5AC was lower in the epithelia and stroma and was higher in the lymphoid aggregates (p < 0.05; Table 2 ). In addition, MUC2 expression was higher compared to DPAM specimens in lymphoid aggregates and the stroma (p < 0.05; Table 2 ).
MUC2 expression was significantly (p < 0.05) and directly correlated with the density of TNCB 16S rRNA in the epithelium, and with the density of H. pylori 16S rRNA in the epithelium, lymphoid aggregates, and free mucin. There was no significant correlation between MUC2 and MUC5AC expression or between MUC5AC expression and bacterial density.
DISCUSSION
The present observations demonstrate that enteric bacteria were present in PMP neoplastic specimens in which high levels of MUC2 expression were concurrently observed. Histochemistry and in situ hybrid- ization demonstrated the presence of bacteria in PMP mucoid accumulations, neoplastic epithelia (including signet-ring cells that express intracellular mucin as shown in Fig. 2A) , and lymphoid aggregates. In addition, enteric bacteria were present within PMP capillaries, in close proximity to endothelial cells and erythrocytes (Fig. 2C) , similar to the recent observations that H. pylori can be detected in the capillaries of the gastric mucosa. 26, 27 Even though immunogold electron microscopy was performed in only one case, the demonstration of the presence of H. pylori by this exquisitely sensitive and precise method strongly supports the present findings.
MUC2 was detected in most specimens but the distribution depended on the disease. In DPAM, high expression of MUC2 was observed in the mucigen granules of goblet cells, in the striated luminal surface (brush border) of absorptive intestinal cells, and in the free mucin, but was low in lymphoid aggregates and the stroma, and was absent from the pools of mucus. In PMCA, in contrast, MUC2 was expressed in free mucin, in epithelial cells (in the mucigen granules of goblet cells and in the brush border of absorptive intestinal cells), in inflammatory cells of the lymphoid aggregates, and in connective tissue surrounding vessels of the stroma.
The pathophysiological significance of these observations is unclear, but it is important to note that bacterial densities and MUC2 expression were markedly elevated in the most malignant form of the disease, i.e., PMCA, reaching approximately 400 TNCB per 10 À9 cm 3 (a cube with 0.001 cm sides). These bacteria may be commensal organisms since a lower density of similar bacteria was detected within the mucosa and submucosa of the non-neoplastic appendix. However, no such bacteria were detected on the peritoneal side of the appendices resected ''in passing'' during gynecological operations and the peritoneum is a tissue that is not expected to be colonized by intestinal bacteria. Thus, there were 3-6 times more bacteria, 4-30 times more MUC2, and 4-6 times less MUC5AC in PMCA than in non-neoplastic appendiceal epithelia. In lymphoid aggregates, the relative increase in MUC2 expression was less important, and MUC5AC expression was increased in PMP compared to the non-neoplastic appendix. MUC2 expression was significantly correlated with the density of enteric bacteria. However, the present observations do not provide an explanation for the stable equilibrium apparently reached between the immune system of PMP patients and the infecting bacteria. Indeed, the presence of bacteria in the peritoneum usually evolves to localized or diffuse peritonitis and associated fever, whereas no abscesses were noted in the PMP patients, and additional experiments will be required to clarify the phenomenon.
Specific detection of H. pylori in PMP specimens by light and ultrastructural methods was not expected, although H. pylori DNA was previously identified in the intestine 28 and in the stools. 29, 30 In addition, the validity of the results was verified by performing multiple positive and negative controls and the experiments were repeated to confirm our observations as well as the reproducibility of the findings. Furthermore, H. pylori was observed in only two of the five appendiceal mucosae studied, thus suggesting that there was no consistent methodological error or contamination. Interestingly, H. pylori infection increases gastric mucus secretion in mice. 31 Furthermore, the observation of a significant correlation between expression of MUC2 and H. pylori 16S rRNA and cagA is similar to the earlier finding that MUC2 expression is directly correlated with H. pylori density in precancerous gastric metaplasia and gastric cancer. 12 study. Correlation between MUC2 expression of both TNCB and H. pylori densities is compatible with the hypothesis that bacteria play a role in mucin hypersecretion, but a cause and effect is of course not implied by the observation. Importantly, however, cytokines and lipid inflammatory mediators have been shown to increase MUC2 secretion in epithelial cell lines. 32, 33 Similarly, the lipopolysaccharide (LPS) of P. aeruginosa as well as the culture supernatant of various Gram-negative and Grampositive bacteria can upregulate transcription of the MUC2 gene in cell lines and in cultured human bronchial explants derived from patients with cystic fibrosis.
15,16 P. aerugninosa is one of the bacteria detected by the TNCB probe used in the present It is therefore tempting to hypothesize that a similar mechanism is triggered by some of the TNCB present in PMP. In fact, the efficacy of intraperitoneal chemotherapy delivered at the time of the cytoreductive surgery may be related in part to the antibiotic activity of mitomycin. We recently observed that in vitro growth of H. pylori was suppressed by mitomycin at concentrations of 0.05 mg/ mL (Liu and Dubois, unpublished), which is similar to the concentration used for chemotherapy. Finally, case reports have shown that administration of antibiotics 34 or of an immunomodulator 35 following surgery improved the long-term survival of patients with PMP.
The present observation that bacterial density is higher in the more malignant form of PMP does not prove that the infection plays a role in PMP carcinogenesis. However, H. pylori is now an accepted type I carcinogen, 36 and chronic inflammation in response to a subset of luminal bacteria is believed to lead to carcinogenesis in inflammatory bowel dis- Values are means ± SEM. * p < 0.05 versus NNA; p < 0.05 versus DPAM.
ease. 37, 38 In addition, one of the enterobacteria recognized by the TNCB probe used in the present study, E. faecalis, is associated with development of rectal dysplasia and adenocarcinoma in an interleukin-10 knockout mouse model. 39 Finally, recent in vitro experiments have demonstrated that E. faecalis can upregulate cyclooxygenase-2 (COX-2) expression, promote chromosomal instability, and play a role in colonic carcinogenesis. 40 Interestingly, COX-2 is highly expressed in neoplastic mucinous epithelium of PMCA and DPAM, but only low expression is observed in patients with appendiceal mucinous neoplasms without peritoneal dissemination. 41 Therefore, one can hypothesize that the malignancy of PMP is promoted by the persistent presence of multiple bacteria and intense inflammation in the peritoneum, an organ expected to be sterile.
In summary, we propose that bacterial agents may have a role in the clinical syndrome of mucinous ascites characterizing PMP and hypothesize that perioperative antibiotic treatment may enhance the efficacy of cytoreductive surgery. A pilot prospective open-label study has been initiated to explore the effect of antibiotic administration before and after cytoreductive surgery on the short term and long term outcome of the disease.
